a b s t r a c t A nuclear power plant (NPP) is a highly complex system-of-systems as manifested through its internal systems interdependence. The negative impact of such interdependence was demonstrated through the 2011 Fukushima Daiichi nuclear disaster. As such, there is a critical need for new strategies to overcome the limitations of current risk assessment techniques (e.g. the use of static event and fault tree schemes), particularly through simulation of the nonlinear dynamic feedback mechanisms between the different NPP systems/components. As the first and key step towards developing an integrated NPP dynamic probabilistic risk assessment platform that can account for such feedback mechanisms, the current study adopts a system dynamics simulation approach to model the thermal dynamic processes in: the reactor core; the secondary coolant system; and the pressurized water reactor. The reactor core and secondary coolant system parameters used to develop system dynamics models are based on those of the Palo Verde Nuclear Generating Station. These three system dynamics models are subsequently validated, using results from published work, under different system perturbations including the change in reactivity, the steam valve coefficient, the primary coolant flow, and others. Moving forward, the developed system dynamics models can be integrated with other interacting processes within a NPP to form the basis of a dynamic system-level (systemic) risk assessment tool.
Introduction
Nuclear power is considered a vital solution to the continuous demand for clean, secure, sustainable and reliable energy [1] . The 448 nuclear power reactor units currently operating around the world provide 10.4% of the global electricity [2] , while a total of 60 and 168 units are currently undergoing their construction and planning stages, respectively [3] . As a result of their associated cost, nuclear power plants (NPP) are mega infrastructure projects that are expected to operate for a relatively long time span, whereas the plant design and planning decisions must account for abnormal events. Recent events (e.g. Fukushima Daiichi nuclear disaster) have highlighted that natural hazard intensity can exceed that originally used for plant design [4] . In addition to natural hazards, anthropogenic hazards (e.g. fire, internal flooding, and humanmade errors) might also initiate events that lead to a component and/or system failure. In addition, both natural and anthropogenic hazards can, independently or through interaction, trigger cascade disasters (defined as disasters in which impacts progressively increase over time and cause unexpected secondary events of more significant consequences [5] ) throughout a major part of or the entire NPP, due to component/system interdependence. Such disasters have been known to cause major failures in NPP (e.g. Three Mile Island accident in 1979, Chernobyl disaster in 1986, H.B. Robinson NPP fire event in 2010, and Fukushima Daiichi disaster in 2011), as described by Little [6] , Mosleh [7] , and Perrow [8] . NPP disasters can cause substantial economic and human losses where, for example, the Fukushima Daiichi disaster resulted in the release of a large amount of radioactive material [9] , and more than 100,000 people were forced to evacuate communities within 25 miles from the Fukushima Daiichi Nuclear Power Plant [10] . The estimated total cost of this disaster is 500 billion U.S. dollars [11] , which includes the costs for cleanup and damaged units decommissioning and compensation to the affected people.
NPP have typically been designed and constructed employing deterministic safety approaches, as described by IAEA safety standards (No. SSG-2) [12] and Dawson [13] . Such approaches assume that all the required functions can be achieved during normal and abnormal operation conditions. Although there is a high level of confidence in NPP components when designed using such approaches [14] , there is still a probability that a component does not perform as expected under normal operation scenarios, abnormal events, and extreme events, which necessitated adopting probabilistic risk assessment (PRA) approaches. PRA is an analytical technique that integrates the frequency of external/internal events, accident sequences, human reliability analysis, and the probability of components failure in order to evaluate NPP safety, as described in the U.S. Nuclear Regulatory Commission report NUREG/CR-2300 [15] .
The U.S. WASH-1400 was the first major PRA framework that investigated many accident sequences in NPP and provided quantitative estimates of the risk associated with these sequences [16] . The WASH-1400 framework uses static event and fault tree analysis schemes to simulate the accident sequences following an extreme event. Although such risk assessment techniques have experienced significant improvements, all these improvements essentially followed the WASH-1400 framework developed more than 40 years ago, as illustrated by Mosleh [7] , Dawson [13] , and Moieni and Spurgin [17] . As such, current risk assessment techniques still have significant fundamental limitations including, for example, the difficulty of developing accident scenarios for NPP risk assessment through event and fault trees, as such prescribed trees might be insufficient in terms of predicting new scenarios. The event and fault tree limitations are partly attributed to the lack of accurate physics representation when NPP systems' dynamic interdependence-induced failures are considered. The limitations are also attributed to the inability to identify the exact timing of the failure-initiating events and the corresponding value of the system variables at such a time [18] .
Limitations of current PRA and the occurrence of severe NPP accidents have raised the need to develop adequate methodologies that account for the complexity of hardware/software/operator interactions inside NPP [19] . As such, developing a dynamic PRA approach has been identified as key to overcoming the limitations of current PRA. Dynamic PRA is developed in a way that considers the timing and sequencing of events during hardware/software/ operator interactions [20] , which is essential for NPP risk assessment [21] . Simulation methods of dynamic PRA have been evolving over the past three decades including DYLAM [22] , DETAM [23] , ADS [24] , ADS-IDAC [25] , MCDET [26] , ADAPT [27] , and RAVEN [28] . These platforms, however, need to be integrated with NPP simulators such as RELAP [29] and MELCOR [30] that represent the dynamic behavior of NPP.
System dynamics simulation approach
In order to improve risk assessment techniques of NPP, there is a need for an integrated platform that simulates the NPP dynamic processes, and thus their responses under abnormal events. In this respect, the current study adopts a system dynamics (SD) simulation approach to assess the dynamic response of different systems in pressurized water reactor (PWR) as a first step in developing an integrated dynamic PRA platform. SD has been adopted in many disciplines, and it is typically used to simulate the dynamic behavior and interdependence within large complex systems, as described by Sonnessa [31] , Sterman [32] , and Bala et al. [33] . SD was first developed in the 1950s by Jay Forrester as a way to investigate the behavior of complex economic and social systems. Recently, SD has had extensive applications in simulating numerous real-world applications [34] . The concepts of SD are presented in a simplified manner through graphs and basic algebraic formulation rather than complex mathematical/numerical models. For example, Fig. 1 shows a schematic diagram of a PWR SD model, where the feedback loops, stocks, and flows (e.g. the rate of change in stocks) are used to represent the parameters and simulate the PWR's dynamic processes [35] . Feedback loops are key in SD as they control the dynamic interdependence between the different system components, whereas stocks are used to quantify the system parameters at any time. SD is essentially a system of differential equations that are analyzed numerically to simulate the behavior of complex systems [36] .
Similar to other disciplines, although not to the same extent, models based on SD have been recently developed for nuclear applications, such as to investigate the nuclear fuel cycle starting from the mining and enrichment processes to repository disposal [37] . In a different study, Jeong and Choi [38] investigated the fuel cycle process in Korea using a SD model and illustrated the importance of using the spent PWR fuel in both the Canada deuterium uranium and sodium-cooled fast reactors in order to reduce the spent fuel inventory. Another recent application of SD was to investigate the effect of generating nuclear power on economic, environmental, political, and social aspects in Singapore [39] . SD was also recently used to investigate the development of nuclear power in China, combining different aspects that have influences on the nuclear power development such as electricity consumption, power generation, and uranium resources [40] . While a SD simulation approach has been used in the above referenced nuclear applications, to date, no study has applied SD to simulate the thermal dynamic processes in a NPP.
The ultimate goal of the current multi-phase study is to develop a dynamic PRA platform to enhance current risk assessment techniques through considering the complex dynamic interdependence between NPP systems/components in one platform. As a first step in this endeavor, the objective of this first phase of the study is to simulate the nonlinear behavior of the thermal dynamic processes in a PWR using SD simulation approach, including the physical responses of multiple interdependent parameters/systems inside a NPP that may lead to system failure, and thus pose a systemic risk. In this respect, three SD models are developed to simulate the nonlinear behavior of the thermal dynamic processes for the reactor core, secondary coolant system and complete PWR based on the PWR behavior described in Thakkar [41] , Kerlin et al. [42] , Ali [43] , Arda et al. [44] , Arda [45] , and Puchalski et al. [46] . The developed PWR models can later be further integrated with other system models to map the event consequence propagation throughout different NPP systems, thus overcoming the limitations of current static fault and tree event tree analysis schemes in predicting dynamic interdependence-induced systemic risks. A concise background on thermal dynamic processes inside the reactor core and the secondary coolant system (SCS) is provided next. Afterwards, the developed reactor core, SCS, and complete reactor simulation models are validated using the results from published data [45] . Finally, the responses of the developed SD models are evaluated under several different perturbations in primary coolant flow and temperature, external reactivity, and steam valve opening events.
System dynamics model development of PWR
The primary function of a PWR is to convert the heat energy produced by uranium fission to electric power. In the PWR, a reactor pressure vessel (RPV) holds the enriched uranium fuel required for the fission reactions. These reactions take place inside the RPV, generating heat energy and radioactive materials. Next, a high-pressure liquid (water) is circulated in a primary coolant system to cool the reactor core. This results in hot water that leaves the RPV through hot legs to the metal U-tube inside a steam generator. Finally, the steam generator transfers the heat to lightwater to produce steam that in turn drives the turbine to generate electricity. A schematic diagram of the PWR generating unit, including the reactor pressure vessel, steam generator, turbine, hot and cold legs, is shown in Fig. 2 .
In the current study, SD is used to simulate the thermodynamic process (i.e. the energy production, storage, transfer and conversion) in the PWR, including the reactor core, the plenums, the hot and cold legs, and the steam generator. Three models are established to predict the nonlinear behavior of a complete PWR and validated using the work of Arda [45] . The three models are intended to simulate: 1) the thermodynamic process in the reactor core; 2) the thermodynamic process in the SCS; and 3) the interdependence between the reactor core and the SCS. The reactor core and SCS parameters are based on those of the Palo Verde Nuclear Generating Station [45] . Tables 1 and 2 summarize the reactor core and SCS parameters, respectively. In addition, the delayed neutron fractions b i and the delayed neutron precursor decay constants l i for the six delayed-neutron groups are based on Puchalski et al. [46] . The thermodynamic process is represented in SD models by first-order differential equations. These equations control the interdependency among the different PWR dynamic parameters (e.g. reactor thermal power, reactor fuel and primary coolant temperatures, reactivity of reactor core, metal tube and secondary coolant temperatures, and steam pressure in steam generator) in terms of static parameters such as the heat transfer coefficients, coolant flow, and fuel and coolant masses.
Model I: Thermal process in the reactor core system
The heat transfer process inside the reactor core is simulated as a function of the reactor core thermal power. This thermal power is represented by point kinetics equations since the reactor power is controlled by reactivity feedbacks due to deviations in fuel, primary coolant temperatures, and external reactivity induced by control rods. Reactivity is assumed to be zero in the reactor steady state operation phase. During the reactor power maneuvering, the reactivity feedback mechanism is controlled by equation (1). 
(1)
The linearized point kinetics in Eqs. (2) and (3) control the reactor core thermal power with the influence of delayed neutron precursors [47] .
The current study utilizes Mann's model [48] to represent the deviation in the primary coolant and fuel temperatures. As shown in Fig. 3 , this model includes one node for the uranium fuel temperature and two nodes for the primary coolant temperature. In the reactor steady state operation phase, the reactor thermal power is constant and there is no deviation in the reactor fuel and coolant temperatures. As such, fluctuation in the reactor thermal power is achieved by changing the reactor core parameters such as the inlet coolant temperature, external reactivity, and primary coolant flow. Afterwards, the feedback mechanism causes a deviation in the overall PWR response. The reactor core parameters used in the current study are provided in Table 1 , as mentioned earlier. Equation (4) represents the deviation in the reactor fuel temperature, while Eqs. (5) and (6) control the deviation in the coolant temperature nodes from the steady state.
The thermal dynamic process of the reactor core is simplified in the current study using the following assumptions [46] : 1) the fuel to coolant heat transfer coefficient is constant; 2) the coolant flow is one dimensional; and 3) the coolant is a single phase with constant density and specific heat.
The dynamic parameters of the reactor core (e.g., fuel and coolant temperatures, reactor thermal power, and reactivity) are modeled using stocks. The rates of change of these parameters are controlled by the feedback from multiple dynamic parameters and static parameters such as the fuel and coolant masses, heat transfer coefficient, and coolant flow, as shown in Fig. 4 . 
Model II: Thermal process in the secondary coolant system
The steam generator contains a number of metal U-tubes for the primary coolant flow process. These tubes are essential components that separate the secondary and primary coolants in order to prevent the transfer of radioactive material to the SCS. The primary function of the steam generator is to convert the heat energy stored in the primary coolant into electric power. This is performed by boiling the water inside the steam generator to produce steam that drives the turbine of an electric generator. Next, this steam is condensed and returned to the steam generator.
The thermodynamic process in the steam generator consists of two heat transfer processes. First, the heat stored in the primary coolant is transferred to the metal tubes. Second, the heat is transferred from the metal U-tubes to the secondary coolant. A simplified simulation for the thermodynamic process in the steam generator is performed by representing the SCS using five lumps, as shown in Fig. 3 . The primary coolant and U-tubes are each represented by two lumps to simulate the two branches of U-tubes, while the secondary coolant is simulated by only one lump.
Several aspects of the thermodynamic process in the steam generator are considered [30, 32] : 1) the heat transfer coefficients are constant during the reactor fluctuations; 2) the thermal conductivity of the steam generator metal U-tubes is constant; 3) the coolant flow is one-dimensional; 4) the properties of the saturated water and steam are constant over the steam pressure range of 600e1000 psi; 5) the feedwater flow is controlled (i.e. the feedwater flow is equal to the steam flow); and 6) and the steam flow rate is controlled only by the steam generator pressure (i.e. critical flow assumption).
In order to simulate the heat transfer process inside the steam generator using SD, the differential equations of the SCS dynamic parameters (e.g. primary coolant, metal U-tubes, secondary coolant temperatures, and steam pressure) are adopted using the following physical phenomena [45] (11) and (12) represent the deviation in the steam pressure inside the steam generator. The steam generator parameters used in the current study are provided in Table 2 . The steam valve coefficient (C L ) in the SD model is calibrated to predict the thermal dynamic behavior of the SCS similar to that of Arda's model because this coefficient is not reported in Arda [45] .
Stocks are used to represent the primary coolant, metal U-tube lump temperatures, and steam pressure. Equations (7)e (12) provide the rates of change of these parameters. All other parameters (e.g. coolant residence time, mass of coolant, coolant flow, and mass of metal lump) are considered as static parameters for simplicity of the model. As can be seen in Fig. 5 , the SD model of the SCS shows feedback loops between the system dynamic parameters (i.e. stocks) and the static parameters.
Model III: Thermal process in The pressurized water reactor
The thermal dynamic process for the reactor core upper (outlet) and lower (inlet) plenums, steam generator outlet and inlet plenums, and the hot and cold legs are combined with the reactor core and SCS models to present a better representation for the whole PWR, as shown in Fig. 6 . The primary coolant residence time values inside the plenums, cold and hot legs are provided in Table 3 . Following the thermodynamics procedure, the linearized differential equations (Eqs. (13)e (18)) are extracted. More specifically, Eqs. (13) and (14) define the coolant temperature deviation in the upper reactor core and lower plenums, while Eqs. (15) and (16) represent the coolant temperature deviation in the inlet and outlet steam generator. Finally, Eqs. (17) and (18) provide the coolant temperature deviation in the hot and cold legs.
3. System dynamics model validation of PWR
Model I: The reactor core system
The thermal dynamic process in the reactor core is validated under an increase in the external reactivity (r ext ) by 7.3 Â 10 À5 at 10 s, to facilitate a direct comparison with available data [45] . This action is followed by an increase in the neutron flux that subsequently causes an immediate increase in the reactor thermal power. After reactor stability, the reactor core thermal power increases to 24.8 and 27.9 MWth in the SD model and Arda's model, respectively, as shown in Fig. 7 -a. Increasing the thermal power of the reactor core is accompanied by an increase in the temperatures of the fuel and coolant nodes, as shown in Fig. 7 -b. This initiates negative reactivity feedback that drives the total reactivity to decrease. As can be seen in Fig. 7-a , although the SD model shows a considerable difference in thermal power relative to Arda's model immediately after the increase in external reactivity at 10 s, the reactor power after stabilization is simulated accurately by the SD model with a deviation of only 11%. As shown in Fig. 7 -b, the reactor fuel and coolant temperature values estimated by the SD model are lower than those calculated from Arda's model by 11%. 
Model II: The secondary coolant system
The thermal dynamic process in the SCS is validated under an increase in the inlet coolant temperature (T IP ) by 10 F at 5 s without changing the steam valve coefficient (C L ). This is followed by an increase in the temperature of the primary coolant lumps (T P1 , T P2 ). Additional heat is transferred from the primary coolant to the metal U-tubes. As a result, the temperature of these tubes increases and additional heat energy is transferred to the secondary coolant, which in turn generates additional steam. Fig. 8-a shows similar increases in the coolant (T P1 ) and metal U-tube (T m1 ) temperatures after an increase in the inlet coolant temperature in both the SD model and Arda's model. Subsequently, as can be seen in Fig. 8-b , the steam pressure in the steam generator increases because the steam valve opening is maintained constant. The dynamic parameters of the SCS (i.e. primary coolant, metal tube temperatures, and steam pressure) in the SD model and Arda's model show a similar nonlinear dynamic response after an increase in the inlet coolant temperature. As can be seen in Fig. 8-b , the steam pressure is increased by 51.1 and 52.4 psi in the SD model and Arda's model, respectively, a minor deviation of only 2.5%.
Model III: The pressurized water reactor
The complete thermodynamic process in the PWR is validated under an increase in the external reactivity. This investigates the dynamic response of different parameters in the SCS to small perturbations inside the reactor core. A positive reactivity of 7.3 Â 10
À5
is applied at 10 s without changing the steam valve coefficient. As shown in Fig. 9 -a, the reactor fuel temperature increases following the increase of the external reactivity. This causes more heat energy to be transferred from the primary coolant system to the SCS. As a result, additional steam is produced that causes an increase in the steam pressure, as shown in Fig. 9 -b. It should be noted that the reactor core inlet coolant temperature (T LP ) increases after a complete primary coolant cycle, as shown in Fig. 9 -a, which in turn causes high negative reactivity feedback. As such, the fuel temperature decreases after reaching the maximum value in both the SD model and Arda's model, with a maximum difference between the two models of 15%. As can be seen in Fig. 9 -b, the steam pressure in the SCS after a positive change in the external reactivity shows similar responses (within 5%) in the SD model and Arda's model.
Perturbation event effects on thermal dynamic process in the PWR
Following the SD model validation, the thermal dynamic processes in the reactor core, SCS, and complete PWR are tested separately under different perturbation events to verify the interaction among feedback mechanisms. These events include either single or multiple actions at a specific time or actions that fluctuate with time.
Model I: The reactor core system
The response of reactor thermal power, coolant, and fuel temperatures are investigated due to a change in: 1) the external reactivity (r ext ) induced by the control rod; 2) the inlet core coolant temperature (T LP ); and 3) the primary coolant mass flow (w c ).
In the first event, the external reactivity is increased by 7.3 Â 10 À5 at 10 s. Simultaneously, three different scenarios are carried out to investigate the influence of the primary coolant mass flow on the thermal dynamic behavior of the reactor core. More specifically, the primary coolant flow (wc) is maintained constant in the first scenario, while this flow is increased and reduced by 20% in the second and third scenarios, respectively. As shown in Fig. 10 -a, the reactor thermal power is immediately increased after adding a positive reactivity, a behavior that is observed in all scenarios. As the thermal power increases, the reactor fuel and primary coolant temperatures increase, as shown in Fig. 10 -b, causing negative reactivity feedback. Also, Fig. 10-b shows that the low value of the coolant mass flow in the third scenario (0.8 wc) leads to an increase in the coolant temperature relative to the first and second scenarios. In particular, the third scenario shows higher negative reactivity feedback as expected, which leads to a reduction in the reactor thermal power by 8.6% compared to the first scenario, respectively. Increasing the primary coolant flow has the opposite effect of reducing the negative reactivity feedback, leading to a relative increase in the reactor thermal power. The second event investigates the dynamic parameters of the reactor when the control rods are inserted (i.e. a 7.3 Â 10 À5 decrease of reactivity). Fig. 11-a shows an immediate drop in the thermal power of the reactor core, which then stabilizes to 15.7 MWth. This behavior is attributed to the control rods that capture neutrons, and simultaneously, the fuel and coolant nodes temperatures are decreased. As can be seen in Fig. 11-b , the reactor fuel and coolant nodes (T C2 , T C1 ) temperatures decrease by 2.44 F, 0.22 F, and 0.1 F, respectively.
In the third event, the temperature of the inlet coolant (T LP ) is increased by 5 F at 10 s. This is followed by high negative reactivity feedback that induces a significant drop in the reactor thermal power. As can be noted from Fig. 12 -a, the reactor thermal power stabilizes because of the negative reactivity feedback with a reduction in its initial value by 120 MWth. In addition, Fig. 12-b shows a reduction in the fuel temperature by 13.7 F in response to the increase in the inlet coolant temperature, because of the thermal power reduction.
Model II: The secondary coolant system
Fluctuations in steam pressure, primary coolant, and metal Utube lump temperatures are investigated during several events.
In the first event, the steam valve coefficient (C L ) is decreased by 5% at 5 s. As can be seen in Fig. 13 -a, this event is followed by an immediate increase in the steam pressure inside the steam generator. Then, a small amount of heat is transferred from the primary coolant system to the SCS followed by increases in the coolant and metal tube lump temperatures, as shown in Fig. 13-b. In the second event, the temperature of the steam generator inlet coolant (T IP ) is increased by 10 F at 5 s. Simultaneously, three different scenarios are applied to investigate the influence of the steam valve opening position on the thermodynamic behavior of the SCS. In the first scenario, the steam valve coefficient is maintained constant, while the same coefficient is increased and decreased by 5% in the second and third scenarios, respectively. As shown in Fig. 14-a , an immediate slight reduction in steam pressure is observed in the case of the steam valve opening (i.e. second scenario), followed quickly by a much larger increase in steam pressure as more heat is transferred from the primary to the secondary system following the increase in the inlet coolant temperature. As can be seen also in Fig. 14-b , the primary coolant lump 1 (T P1 ) temperature is lower for the second scenario compared to other scenarios. This is because more steam is required due to the opening of the steam valve, leading to more heat energy being transferred from the primary coolant system, and therefore, a smaller increase in primary coolant temperature. In summary, the increase in the steam valve coefficient reduces both the steam pressure and primary coolant temperature compared to the first and third scenarios.
Model III: The pressurized water reactor
Following the evaluation of the reactor core and the SCS to different perturbation events, a SD model of the complete thermodynamic process is essential to predict the response of the steam generator when perturbation events occur inside the reactor core and vice versa. This SD model is developed by combining the aforementioned reactor core and SCS thermal dynamic models, as described earlier. In this subsection, the thermal dynamic process of a complete PWR is investigated under three different perturbation events.
First, a small perturbation is applied by increasing the steam valve coefficient by 5% at 5 s. Therefore, additional steam is expected to be produced in order to balance the SCS thermal dynamic process. This event is followed by a reduction in the steam pressure (P S ) and temperature (T steam ) values by 29.1 psi and 3.4 F, as shown in Fig. 15-a and 15 -b, respectively. More heat is transferred from the primary coolant in the U-tube to the secondary system in order to accommodate the steam generation, and subsequently, the primary coolant lump temperatures (T P1 , T P2 ) are reduced. This behavior is followed by a reduction in the reactor core inlet primary coolant temperature (T LP ). Also, Fig. 15-b shows that the reactor core primary coolant temperatures (T c1 , T c2 ) are reduced by 2.1 F and 1.4 F, respectively. The reduction in coolant temperature causes positive reactivity feedback that leads to an increase in the reactor thermal power by 97 MWth, as shown in Fig. 15-a. Fig. 15 -b also shows that the reactor fuel temperature is increased by 12.3 F because of this increase in the reactor thermal power.
The second event investigates different steam valve opening positions after a positive reactivity of 7.3 Â 10 À5 is added. The first scenario is applied without changing the steam valve coefficient, while the steam valve coefficient is increased and decreased by 5% in the second and third scenarios, respectively. All scenarios show an immediate increase in the reactor thermal power (Fig. 16-b) , and subsequently, the fuel temperature ( Fig. 16-c) increases after the external reactivity is added. However, in the third scenario, the reduction in the steam valve coefficient results in negative reactivity feedback, primarily because of an increase in the reactor core inlet coolant temperature. As can be seen in Fig. 16 -a, a reduction in the steam valve coefficient (third scenario) by 5% causes an increase in the reactor inlet coolant temperature (T LP ) by 4.0 F. Because of the negative reactivity feedback in this scenario, the thermal power is reduced by 81.6 MWth relative to the first scenario. On the other hand, Fig. 16-b shows an increase in the reactor thermal power by 95 MWth relative to the first scenario after an increase in the steam valve coefficient. In this second scenario, the reactor core thermal power reaches a peak value, then drops as a result of the decay of fission fragments, and finally, the reactor power starts increasing again due to the feedback of increasing the steam valve coefficient. It is clear from Fig. 16 -c that the reactor fuel temperature is significantly reduced in the third scenario as a result of the negative reactivity feedback. In the third and final event, a positive reactivity of 6.5 Â 10 À5 is applied for a 30 s interval through a constant steam valve coefficient, followed by a 30 s interval of zero reactivity, as shown in Fig. 17 -a. This external reactivity event is mainly to investigate the nonlinear response of the reactor thermal power to the change in the position of control rods within this time frame (i.e. up to 180 s). Fig. 17-b shows an increase in the fuel, coolant nodes, and steam temperatures after the reactivity is increased. Removal of the external reactivity reduces the total reactivity immediately due to the negative fuel and coolant temperature reactivity feedback. As can be seen in Fig. 17 -c, the thermal power fluctuates immediately after changing the external reactivity. The cumulative behavior of the reactor parameters shows an increase in the thermal power, as well as the fuel and coolant temperatures. Fig. 17-d shows also an increase in the steam pressure since the increase in the coolant temperature transfers additional heat energy from the primary coolant system to the secondary system.
Conclusions
A nuclear power plant (NPP) contains multiple systems that interact through several feedback mechanisms to generate electricity. The complex dynamic interdependence among these systems, the consequence and severity of interacting hazards, and the drawbacks of current static risk assessment techniques in terms of addressing dynamic interdependence-induced systemic risks have raised major concerns about NPP safety, especially after the Fukushima Daiichi disaster. To address these concerns, a system dynamics (SD) approach was used to simulate the thermal dynamic processes within different systems inside a pressurized water reactor (PWR), as the first step to overcome the limitation of current risk assessment techniques of NPPs. Three SD models of the reactor core, secondary coolant system (SCS), and complete PWR were validated against the results of a previously published work. Subsequently, these models were evaluated under different perturbation events pertaining to the external reactivity, primary coolant flow, and the steam valve coefficient. The results obtained from the complete PWR model, combining the reactor core and SCS, were used to investigate the impact of interconnectivity and nonlinear feedback mechanism between different systems inside the PWR.
The results of the current study demonstrate the capability of the SD approach to simulate the physical processes between major interdependent systems in NPPs under different perturbation events. These physical processes are represented by the reactor thermal power, fuel and coolant temperatures and steam pressure. Moreover, the developed SD simulation approach provides significant advantages from both the time and data storage perspectives, since the analysis of the developed SD models was very fast (e.g. the time needed for the longest perturbation event analysis is less than 60 s) with a very modest size of output data (e.g. the generated data for all perturbation events for both validation and evaluation analysis conducted in the current study was less than 500 KB). In this respect, SD is expected to facilitate the development of systemic risk assessment techniques supported by feedback loops that facilitates accurate simulation of several complex dynamic accident scenarios. Thus, the current study presents the first phase in a multi-phase research program aimed at developing dynamic probabilistic systemic risk assessment platform that takes into account the interaction and interdependence of different NPP systems with an ultimate goal of enhancing the overall NPP safety and resilience in a multi-hazard environment.
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